FACILITATED TRANSPORT OF UREA in the renal inner medulla is important to maintain a sufficiently high level of urea in the medullary interstitium. Urea and NaCl are the major solutes involved in generating an osmotic gradient along the cortico-medullary axis in the mammalian kidney, which is crucial for the urine concentration process.
Two major types of mammalian urea transporters are known: the renal tubular urea transporter (UT-A), and the erythrocyte urea transporter (UT-B). Four UT-A isoforms have been identified in the rat kidney, rUT-A1 (10), rUT-A2 (11), rUT-A3 (2), and rUT-A4 (2) . The activity of rat UT-A1, UT-A3, and UT-A4 expressed in vitro appears to be sensitive to cAMP stimulation, suggesting that the function of these transporters may be regulated by vasopressin in vivo. UT-A1 and UT-A3 are expressed in the inner medullary collecting ducts (IMCD) (9, 12) , UT-A2 is expressed in the thin descending limb of Henle's loop (TDL) (9) , and the renal tubular localization of UT-A4 is not known. The Slc14a2 gene encoding the four rUT-A renal transporters has been recently cloned and characterized in the rat (4) . Only UT-A2 has been identified in the human kidney (7) . We report the cloning and characterization of the human urea transporter hUT-A1 and describe the organization of the human Slc14a2 gene, from which hUT-A1 and hUT-A2 are transcribed.
MATERIALS AND METHODS

RT-PCR.
Normal human kidney tissue was obtained from surgical nephrectomy specimens or kidneys that could not be used for transplantation. No human tissue was obtained specifically for its use in this study. Portions of kidney cortex and medulla were dissected and frozen until use. Total RNA was extracted with TRI pure isolation reagent (BoehringerMannheim, Indianapolis, IN). RT-PCR from 1 g of total RNA and amplification of the first strand cDNA were performed with the Titan RT-PCR System (Boehringer-Mannheim) after the protocol suggested by the manufacturer. A 1.2-kb amplification product was initially obtained using sense primer 5Ј-GTTTGTCAACAACCCCCTTAGTGG-3Ј and antisense primer 5Ј-CAAAGATGGAAATAGAGTCTCG-3Ј, which spans the region between nucleotides 790-2005 of rat UT-A1 cDNA. The amplicon was subcloned into the pGEMT vector (Promega, Madison, WI) and sequenced to verify homology with the rat UT-A1 cDNA.
RACE. The 5Ј-and 3Ј-ends of the human UT-A1 transcript were identified by rapid amplification of cDNA ends (RACE), with the reagents provided in the 5Ј/3Ј-RACE kit (Boehringer-Mannheim), as described previously (2) . For 5Ј-RACE, first strand cDNA synthesis was performed with antisense primer 5Ј-AAGCCACCAGTAGTAGTCTAACTTCTCC-3Ј, followed by PCR amplification with antisense primer 5Ј-AGAGCTGTTAAGGTCGAGACCACTG-3Ј. The PCR product was gel purified and sequenced. 3Ј-RACE was performed by using nested sense primers 5Ј-TGGAAGTTCCATCGATA-GAAGAGTGG-3Ј, 5Ј-GTTCTACGTCATCACCTGGCAGAC-3Ј, and 5Ј-GAGAAACAGAAGGGCATCAATCATAAC-3Ј. The PCR products were gel purified and sequenced with an automatic DNA sequencing system (ABI PRISM Genetic Analyzer, PerkinElmer, Foster City, CA) to verify overlapping of the RACE products and the RT-PCR segment. Analysis of DNA sequences was performed by using the Wisconsin Sequence Analysis Package and Lasergene softwares. To determine the exon-intron organization of the Slc14a2 gene, the human genome databases of National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov) and Celera (Celera Genomics Group, Rockville, MD) were searched to find matches with the sequence of our hUT-A1 clone (Gen- Bank accession no. AF349446) and with the sequence of a previously identified human UT-A2 cDNA (GenBank accession no. X96969).
Primer extension. Primer extension was performed as previously described (1), using the primer 5Ј-GTGGCACACACT-TGTAGTCCTA-3Ј from the first 150 bp of the 5Ј-urine transporter (UTR) of hUT-A1 cDNA.
Northern hybridization. Total RNA (10 g) from human renal cortex and medulla was separated on a 1.3% agarose-2.2 M formaldehyde gel, immobilized onto a nylon membrane (Hybond-N ϩ , Amersham, Arlington Heights, IL), and hybridized with 32 P-labeled DNA probe spanning 454 bp (nt 980-1434) of hUT-A1 cDNA, under high-stringency conditions, as described previously (2) .
Transcription and translation of hUT-A1 cDNA in cultured cells. The coding region of the hUT-A1 cDNA was amplified by RT-PCR by using primers 5Ј-TGGAAGTTCCATCGATA-GAAGAGTGG-3Ј and 5Ј-GGAGAGAGTCACAGAACAGAC-CAAAG-3Ј and subcloned into the ApaI/NotI-digested pcDNA3 vector (Invitrogen, Carlsbad, CA). HEK-293 cells were used for analysis of hUT-A1 protein expression after transient transfection, because these cells do not express any known urea transporter. Transfection was performed by using the FuGene6 reagent (Boehringer-Mannheim) with 50% confluent cells growing in 10-cm culture dishes (Corning). The FuGene6 reagent was combined with 1.0-5.0 g of pcDNA3 DNA and added to the plate containing the cells. Transfection was performed in normal isotonic growth medium (minimum essential medium with L-glutamine and 5% FCS). Cells were harvested 48 h after transfection.
Functional analysis in oocytes. Functional activity of the hUT-A1 transporter was determined by measuring urea uptake in Xenopus laevis oocytes. After linearization of the hUT-A1 pcDNA3 construct, cRNA was synthesized by using T7 polymerase provided in the mMessage mMachine (Ambion, Austin, TX), precipitated with lithium chloride, and injected into collagenase-treated X. laevis oocytes (1 ng/nl, 5 or 50 ng/oocyte). Control oocytes were injected with a similar volume of water. Injected oocytes were incubated at 18°C in modified Barth's medium for 48 h before assay for urea uptake. Uptake of urea was determined in individual oocytes incubated in 200 l of Barth's solution containing 8 Ci/ml (1.4 mM) [
14 C]urea (NEN Life Science Products, Boston, MA) at room temperature for 90 s. Uptake was terminated by the addition of 2-ml ice-cold Barth's medium containing 1.4 mM deionized urea, followed by three washes. After solubilization in 10% SDS, urea content was measured by liquid scintillation counting. The effect of phloretin was determined in oocytes preincubated in 0.5 mM phloretin (Sigma, St. Louis, MO) for 20 min. Competitive inhibition by thiourea (Sigma) was analyzed in oocytes preincubated for 30 min in the presence of 50 mM mannitol/150 mM thiourea or 200 mM mannitol added to the Barth's solution. The effect of cAMP was studied by adding 0.05 mM forskolin, 0.5 mM 8-BrcAMP, and 0.5 mM IBMX (Sigma) to the preincubation medium (1 h) and to the uptake medium. Statistical analysis of the urea uptake measurements was evaluated by one-way ANOVA, and pairwise, post hoc comparisons were made by using the Tukey-Kramer method. Statistical significance was determined when P Ͻ 0.05.
Western analysis of cell and tissue extracts. The tissue samples or transfected cell samples were homogenized in isolation buffer (10 mM triethanolamine, 250 mM sucrose, 1 g/ml leupeptin, 0.1 mg/ml phenylmethylsulfonyl fluoride, pH 7.6, using 0.025-0.1 g tissue/ml isolation buffer). The cell or tissue extracts were size separated by SDS-polyacrylamide gel electrophoresis and electroblotted onto polyvinylidene difluoride membranes (Gelman Scientific, Ann Arbor, MI). Blots were incubated with a primary rabbit polyclonal antibody generated toward the COOH-terminal portion of rat UT-A1 or preimmune serum from the same rabbit, as previously described (6) .
Immunohistochemistry. Sections (5 m) of formalin-fixed, paraffin-embedded human renal tissue were stained with the anti-UT-A1 antibody at 1:400-800 dilution. Positive antigenantibody interaction was detected with an avidin-biotiny- 
RESULTS
Cloning of hUT-A1 cDNA. The cDNA sequence of hUT-A1 was identified by analysis of overlapping cDNA fragments obtained by RT-PCR, 5Ј-RACE, and 3Ј-RACE. The 5Ј-end of the transcript was determined by both 5Ј-RACE and primer extension. The hUT-A1 cDNA included 4,153 bp (GenBank accession no. AF349446). The largest open reading frame of 2,760 bp encodes a peptide of 920 amino acids, with a predicted molecular mass of 101 kDa, which is 89% identical to the rat UT-A1 peptide (Fig. 1) and 64% identical to hUT-B peptide. The Kyte-Doolittle plot of hUT-A1 and rUT-A1 suggests that the two proteins have essentially the same structural configuration (Fig. 2A) The translation product of hUT-A1 cDNA was examined in HEK-293 cells, which had been transiently transfected with the hUT-A1-pcDNA3 construct containing the entire open reading frame. Extracts from the transfected cells and from sham-transfected controls were examined by Western analysis with an antibody specific for rat UT-A1 and showed the hUT-A1 protein as an ϳ97-kDa band evident in transfected cells but not in sham-transfected cells (Fig. 2B) .
Functional analysis of hUT-A1 protein.
The function of hUT-A1 was tested in oocytes injected with hUT-A1 cRNA, which demonstrated significant uptake of [ 14 C]urea compared with water-injected controls (Fig.  3A) . The uptake was inhibited by 0.5 mM phloretin (55% decrease, Fig. 3B ). In oocytes injected with 50 ng cRNA, urea uptake was not stimulated by cAMP or agonists, was not Na dependent, and was inhibited by 150 mM thiourea (73% decrease, Fig. 4A ). However, when the amount of cRNA injected was reduced to 5 ng, a small but significant stimulation by cAMP was observed (Fig. 4B) . The reason for this different response to cAMP is unclear.
Expression of hUT-A1 in human kidney. By Northern hybridization with a cDNA probe specific for UT-A1, we detected three transcripts of 6.5, 4.4, and 2.2 kb in the inner medulla but not in the cortex of a human kidney (Fig. 5A) . The hUT-A1 mRNA appears as a 4.4-kb band, and the 2.2-kb band is likely to represent the human homologous mRNA of rat UT-A3 (2). The 6.5-kb signal does not correspond to any known UT-A mRNA isoform and may indicate the existence of a novel isoform or different polyadenylation. The expression of an ϳ100-kDa hUT-A1 protein in the human inner medulla was demonstrated by Western hybridization with the COOHterminal antibody previously described (Fig. 5B) . By immunohistochemistry on sections of human kidney using the same antibody, expression of hUT-A1 is localized to IMCDs (Fig. 5C) .
Genomic organization of hUT-A1. By matching the hUT-A1 cDNA sequence with genomic sequences deposited in the available human genome databases, we determined that the entire hUT-A1 cDNA is distributed in 20 exons spanning ϳ67.5 kb of chromosome 18 (Table 1) . We could not assign to chromosome 18 the initial 182 bp at the 5Ј-end of the hUT-A2 cDNA [GenBank accession no. X96969 (7)]; the remainder of hUT-A2 is transcribed from exon 12 to 20 (Fig. 6) . Therefore, we could not find a human counterpart of rat exon 13, which includes the beginning of rUT-A2 5Ј-UTR and is transcribed only in the rUT-A2 isoform (4) . Compared with the rat gene (ϳ300 kb), the human gene is shorter, and its 5Ј-UTR is included almost exclusively in the first exon, whereas in the rat it spans three widely spaced exons (4) . Analysis of the first 1,000 bp upstream from exon 1 reveals no TATA box. Two CAAT motifs are present within 100 bp from the transcription start site, but we could not find consensus sequences for the Tonicity Enhancer motif (TonE), which mediates tonicityresponsive gene transcription. Western analysis of UT-A expression in human renal medulla using the antibody to the COOH terminus of rat UT-A1 shows expression of hUT-A1 as an ϳ100-kDa protein and a smaller ϳ50-kDa protein, probably representing hUT-A2. The 2 proteins are not detected by preimmune (preimm.) serum. C: expression of hUT-A1 is localized to inner medullary collecting duct (IMCD) tubules of human kidney (arrows) by immunohistochemistry using the same antibody.
DISCUSSION
In this study we report cloning the human urea transporter hUT-A1. We describe the functional characterization, expression in human kidney, and genomic organization of hUT-A1.
The hUT-A1 protein is shorter than rUT-A1, although the two proteins are highly homologous. By Western analysis, expression of hUT-A1 is detected in renal inner medulla, and by immunohistochemistry, hUT-A1 is localized in IMCD tubules. The intensity of staining is generally not as strong as in rat IMCDs (Bagnasco S, unpublished observations), suggesting that the human kidney may have lower hUT-A1 protein abundance compared with rodents. In the rat, UT-A1 is thought to be the vasopressinregulated urea transporter that is responsible for urea reabsorbption across the apical membrane of the IMCD (8) . Only four consensus sequences for cAMP-dependent phosphorylation are present in hUT-A1 compared with seven in rUT-A1. This may contribute to the very low sensitivity to cAMP stimulation of hUT-A1 functional activity observed in oocytes. It is possible that in human IMCD, vasopressin may not be as important as in rat IMCD for the short-term regulation of urea transport by UT-A1. Such a possibility may be consistent with humans normally excreting less concentrated urine than rats, which could require lower interstitial urea concentrations in the human inner medulla and lower urea transport rates in the human IMCD, compared with in rodents.
Northern analysis shows hUT-A1 mRNA expression in the human renal inner medulla but not in the cortex. In addition, the 2.2-kb transcript identified by the probe specific for the initial half of hUT-A1 cDNA suggests that the UT-A3 isoform may be expressed in the human kidney. The identity of the larger 6.5-kb mRNA species detected with the same probe remains to be clarified.
We were able to define the organization of the human Slc14a2 gene on chromosome 18. Using sequences available in the human genome database, we mapped the exons and introns from which hUT-A1 and hUT-A2 are transcribed. Our analysis indicates that the gene encoding the human UT-A transporter is larger than the human Slc14a1 gene encoding the UT-B urea transporter/Kidd antigen (3) but smaller than the rat Slc14a2 gene (4) . The UT-A coding region appears relatively well conserved between the human and the rat gene (4). However, differences are evident in the region encoding the 5Ј-UTR of UT-A1, which in rats spans 3 exons distributed over ϳ260 kb, and in humans is almost entirely included in exon 1. The 5Ј-UTR of rat UT-A2 starts in exon 13, which is unique to this rat isoform but does not have a counterpart in human UT-A2.
Analysis of the initial 1 kb of the 5Ј-flanking region of exon 1 does not reveal any consensus sequence for TonE, which in the rat promoter was found at Ϫ377. However, it is possible that TonE sequences may be present further upstream in the human gene. The TonE-TonE binding protein (TonEBP) pathways regulate tonicity-responsive transcription of rat UT-A1 and UT-A3 (5) and may contribute to increase expression of these two isoforms in rat kidney (1) . The relative importance of tonicity-responsive transcription in the long-term regulation of human UT-A transporter expression remains to be established because, compared with rats, humans excrete less concentrated urine and may have lower tonicity in their inner medulla. Further study will be necessary to characterize the mechanisms regulating UT-A expression and urea transport in the human kidney. 
